To date, there is no evidence that directly supports the a reducing reagent that disrupts disulfide bond formation in the ER. Northern blot and quantitative Taqman notion that metazoan cells require IRE1 to induce the UPR.
PERK and IRE1 display homology in their lumenal RT-PCR analysis showed that in mixed stage worms grown in liquid culture, expression of both hsp-3 and domains and sense the same ER stresses through a similar mechanism (Kaufman, 1999; Bertolotti et al.,
hsp-4 increased with time, and reached a plateau at 4-6 hr ( Figures 1A and 1B) . At the plateau, hsp-3 was in-2000; Liu et al., 2000). PERK/PEK phosphorylates the ␣ subunit of eukaryotic translation initiation factor 2 duced about 2-fold, and hsp-4 was induced about 9-fold in mixed stage animals. Furthermore, the basal expres-(eIF2␣) at Ser 51 to attenuate protein synthesis, thereby reducing protein folding load (Shi et al., 1998 ; Harding sion of hsp-3 was about 5-fold higher than hsp-4. Thus, C. elegans has a UPR and Taqman Ϫ/Ϫ mice survive without at 1.5 days after eggs were laid and matured to adulta significant phenotype, although they display increased hood at 3 days. The ire-1(RNAi); pek-1(RNAi) animals sensitivity to experimental-induced colitis, consistent also became early L2 larvae by 1.5 days, and at that with its expression restricted to this tissue (Bertolotti et time were indistinguishable from controls or the single al., 2001). Mice harboring a deletion in Perk or a mutation mutants. However, after the ire-1(RNAi); pek-1(RNAi) anat the PERK phosphorylation site in eIF2␣ survive to imals reached L2, they became very sluggish and sick. birth, at which point they develop disturbances in gluSix days after eggs were laid, 90% (n ϭ 120) remained cose metabolism, pancreatic ␤-cell insufficiency, and as L2 larvae, identified by germline morphology. hypoinsulinemia (Harding et al., 2001; Scheuner et al.,
Close examination of ire-1(RNAi); pek-1(RNAi) ani-2001). In addition, homozygous Perk deletion in humans mals revealed small vacuoles in the intestinal cells at causes infancy onset type-I diabetes (Delepine et al.,
1.5 days after the eggs were laid. These vacuoles in-2000). These studies demonstrate that mutations in creased in number and size by 2.5 days ( Figure 2E ). these genes cause human disease and that the UPR By 4 days, the connection between the intestine and plays an important role in development. To develop a pharynx narrowed, so bacteria could not pass through simple genetic model for dissecting the UPR in higher to the intestine. Furthermore, the intestine fragmented, eukaryotes, we studied the requirement for homologs and large empty spaces appeared in the worm. By 5 of mammalian Ire1 and Perk in C. elegans. We show or 6 days, most intestinal tissues degraded and the that in C. elegans, ire-1 controls ER stress-induced novel cytoplasm of the intestinal cells disappeared, with only splicing of mRNA that encodes the transcription factor nuclei remaining distinct ( Figure 2E ). This phenotype is XBP-1, the C. elegans homolog of yeast Hac1p. Furthercharacteristic of necrosis (Wyllie, 1981 ; Hall et al., 1997). more, our data suggest that splicing of xbp-1 mRNA is These RNAi results show that ire-1 and pek-1 are redunrequired for activation of the UPR and this pathway is dant genes that control a pathway essential for larval partially redundant with pek-1 signaling as a requiredevelopment. ment for larval stage 2 development in C. elegans.
ire-1 and pek-1 Deletion Mutants Are Viable To confirm the RNAi results, we identified deletion muResults tants of ire-1 and pek-1. The ire-1(v33) null mutation was isolated from an EMS-mutagenized worm library Transcription of hsp-3 and hsp-4 Is Induced upon ER Stress in C. elegans by screening short alleles by nested PCR. We found an 878 bp deletion extending from Ϫ199 bp upstream of The most well characterized transcriptional target of the UPR is the gene encoding BiP (grp78) (Kaufman, 1999) . the ATG start codon to bp 679 of the ire-1 gene ( Figure  2A ). The ire-1(v33) mutants were viable, but their growth C. elegans has two homologs of mammalian BiP, HSP-3, with a KDEL ER-retention motif, and HSP-4, with a HDEL was somewhat slower than observed for wild-type animals. ER-retention motif. By contrast, yeast and mammals have either BiP-HDEL or BiP-KDEL, respectively (KaufWe found that the pek-1(ok275) mutant (isolated by the C. elegans Gene Knockout Consortium, Oklahoma) man, 1999). In order to determine whether C. elegans has a UPR, the expression of hsp-3 and hsp-4 were had a 2013 bp deletion, extending from 495 bp to 2507 bp in the pek-1 gene. Sequencing analysis showed that analyzed upon ER stress induced by dithiothreitol (DTT), In the course of these studies, we identified a putative mammalian homolog for yeast HAC1-the bZIP tranensure a stable supply of these animals, we constructed the strain ire-1(v33)/mnC1; pek-1(ok275), in which the scription factor Xbp1 (Yoshida et al., 2001b) . The protein sequence of human XBP1 was used to search the C. ire-1(v33) mutation is balanced by the marker chromosome mnC1. According to Mendelian genetics, one elegans protein database, and we identified a hypothetical protein encoded by the gene R74.3, which we desigquarter of the progeny should be ire-1(v33); pek-1(ok275) homozygotes. We studied a total of 1287 eggs nated xbp-1. C. elegans XBP-1 has a conserved bZIP domain and shares no amino acid homology with human laid by ire-1(v33)/mnC1; pek-1(ok275) animals. Three days after eggs were laid, we found that 27% of ire-XBP1 or yeast HAC1 outside of the bZIP region. The xbp-1 gene contains an additional open reading frame 1(v33)/mnC1; pek-1(ok275) progeny failed to mature into wild-type (the phenotype of the heterozygous parents) that is in ϩ1 register with the xbp-1 initiation AUG codon ( Figure 3A) . Quantitative Taqman RT-PCR showed that or Dyp Unc adults (the phenotype of mnC1) ( Figure 2B ). Instead, we observed many L2-arrested animals having total xbp-1 transcription increased 2-3 fold upon ER stress induced by DTT or by inhibition of N-linked glycoire-1(v33); pek-1(ok275) genotypes ( Figure 2C ). These ire-1(v33); pek-1(ok275) double mutants showed intestisylation by tunicamycin treatment (data not shown). Splicing of xbp-1 mRNA to remove 23 bases was innal degeneration like that observed in the RNAi studies ( Figure 2D) . duced between 30 min-1 hr after tunicamycin treatment in wild-type L2 larvae ( Figures 3B and 3C ). Significantly, this novel mRNA species was not detected in ire-1(v33) xbp-1 mRNA Is an IRE-1 Substrate Required for IRE-1 Signaling mutants ( Figure 3C ). Therefore, excision of the 23 base sequence requires IRE-1 and would generate a ϩ1 transTo elucidate the mechanism for hsp-3 and hsp-4 induction, their promoter regions were analyzed. The hsp-3 lation shift into the second reading frame. The 23 base intron is predicted to form an RNA sec-Ϫ1 or Ϫ3 sites within both the 5Ј and 3Ј loops abolished or significantly reduced cleavage, respectively (Figure ondary structure containing two stem-loop signatures with seven-membered rings, similar to that found in 3F, lanes 12 and 13). We also tested the genetic interaction between xbp-1 yeast HAC1 mRNA ( Figure 3D ). To test whether xbp-1 mRNA can be cleaved by IRE-1, an in vitro cleavage and pek-1. Though pek-1(ok275); xbp-1(RNAi) eggs hatched normally, they arrested at or prior to the L2 assay was performed using human IRE1␣ expressed in COS-1 monkey cells. Western blot analysis confirmed larval stage ( Figure 4A ). In addition, the pek-1(ok275); xbp-1(RNAi) animals showed an intestinal defect resemthat both the wild-type and endoribonuclease mutant (K907A) IRE1␣ were expressed ( Figure 3E ). Human bling that of ire-1(v33); pek-1(ok275) double mutants ( Figure 4B ). By contrast, inactivating xbp-1 in either ire-1 IRE1␣ cleaved the C. elegans xbp-1 RNA substrate (399 nt fragment) at the expected 5Ј and 3Ј cleavage sites, or in wild-type worms did not interfere with development. Therefore, RNAi experiments demonstrated that releasing the 23 nt intron and yielding two fragments (266 nt and 110 nt) that were detected on a polyacrylxbp-1 and pek-1 mediate redundant pathways that are essential for worm development, and our results are amide gel ( Figure 3F, lane 3) . Although the IRE1␣ endoribonuclease mutant (K907A) was expressed at a much consistent with xbp-1 acting downstream of ire-1 in the same pathway. higher level as previously described (Tirasophon et al., 1998 , it cleaved xbp-1 RNA to a much lesser extent ( Figure 3F, lane 2) . These results demonstrate ire-1, xbp-1, and pek-1 Are Required for the UPR in C. elegans that the RNase activity of IRE1␣ is required for xbp-1 cleavage. Mutation of the conserved sites (Ϫ3, Ϫ1, and To determine if silencing ire-1, xbp-1, and pek-1 expression would affect the UPR, quantitative Taqman RT-ϩ3) in both the 5Ј and 3Ј loops interfered with the cleavage reaction ( Figure 3F, lanes 5, 9, 11, 14, 16, and 17) .
PCR was used to analyze hsp-3 and hsp-4 expression in affected animals. Since ire-1(v33); pek-1(ok275) and By contrast, mutation of the nonconserved base (Ϫ2) in either the 5Ј or 3Ј loop did not prevent cleavage ( Figure  pek-1(ok275) ; xbp-1(RNAi) mutants did not grow to adulthood, we reasoned that the pathway mediated by 3F, lanes 7 and 15). Moreover, double mutations at either ire-1/xbp-1 and pek-1 might be required for L2 developof hsp-4 was almost abolished. Therefore, ire-1 is required to activate the UPR in C. elegans. ment. Therefore, individual 1.5-day-old L2 larvae were studied. Expression of the two hsp genes was normalAs with ire-1(v33) mutants, induction of both hsp genes was abolished in xbp-1(RNAi) animals (Figures ized to that of act-1 and act-3.
In wild-type L2 larvae, the basal expression of hsp-3 5A and 5B). Furthermore, pek-1(ok275); xbp-1(RNAi) animals were defective in inducing both hsp genes. By was about 19-fold higher than that of hsp-4 (Figures 5A  and 5B) . In contrast to 2-and 10-fold induction of hsp-3 contrast, pek-1(ok275) mutants were able to activate transcription of both hsp genes to a similar extent as and hsp-4, respectively, in mixed staged animals ( Figure  1B ), in L2-stage larvae, expression of hsp-3 and hsp-4 the wild-type. However, the basal expression of both hsp genes was increased in the pek-1(ok275) mutant. was induced 9.3-fold and 61-fold, respectively, upon DTT treatment. Furthermore, expression of hsp-3 and It is possible that pek-1(ok275) mutants experience endogenous ER stress during development, consistent hsp-4 was induced 3.9-and 29-fold, respectively, upon tunicamycin treatment. In ire-1(v33) mutants, the basal with a model where PEK-1 limits ER stress by attenuating protein synthesis. Overall, these results suggest that expression of the two hsp genes was similar to that of N2 animals. However, the induction of the hsp-3 gene ire-1/xbp-1 and pek-1 play partially complementary roles in eliminating ER stress, where ire-1/xbp-1 signals by DTT or tunicamycin was greatly reduced, and that Figure 6C ). Thus, both ire-1(v33) and pek-1(ok275) mutants were sensitive to tunicamycin treatment at 2 a role in maintaining pancreas function and/or survival, perhaps by protecting secretory cells from ER stress. g/ml, whereas N2 animals were resistant to this concentration. Furthermore, ire-1(v33) mutants appeared more sensitive to tunicamycin than did pek-1(ok275). However, the UPR may provide additional roles in development. For example, the UPR may provide an However, inactivation of C. elegans atf-6 by RNAi did not produce a significant phenotype in either the wildessential anti-inflammatory response in intestinal cells, thus preventing necrotic death. The C. elegans intestine type or pek-1(ok275) mutant strains (data not shown). Although induction of hsp-3 and hsp-4 genes was not is the first organ to encounter many environmental toxins and infectious agents. Alternatively, a defective UPR affected in atf-6(RNAi) animals (data not shown), at this point we cannot rule out that the silencing was incommight disrupt the secretion of proteins required for development, thus resulting in an L2 arrest. Finally, it is plete. possible that ire-1 and pek-1 act as nutritional sensors in the gut to produce hormones that regulate metabolism, 
